Strenuous endurance exercise acutely increases myocardial wall stress and evokes transient functional cardiac perturbations. However, it is unclear whether exercise-induced functional cardiac disturbances are ubiquitous throughout the myocardium or are segment specific. The aim of this study was to examine the influence of high-intensity endurance exercise on global and segmental left (LV) and right (RV) ventricular tissue deformation (strain).
Introduction
Transient reductions in left (LV) and right (RV) ventricular strain, a sensitive echocardiograph-derived index of contractile function, have been extensively reported during recovery from endurance exercise. 1 -4 Functional cardiac perturbations following exercise are particularly evident when pre-to-post comparisons are performed during a pharmacological 5 or exercise-induced 3 increase in myocardial work, rather than under supine resting conditions. Moreover, exercise-induced functional limitations manifest more profoundly in the right ventricle than in the left ventricle. 3, 6 The disparate left and right ventricular responses to endurance exercise likely pertain to a disproportionate rise in RV wall stress during exercise. 7 In this context, an acute exercise-induced increase in RV wall stress may contribute to RV dilatation and dysfunction, 4 that translates through the interventricular septum. Indeed, patients with pulmonary hypertension present with a concaved and dysfunctional interventricular septum, secondary to an increase in RV systolic pressure. 8, 9 Exercise-induced increases in RV volume and pressure can induce a similar, parallel impact on the left ventricle following ultra-endurance exercise. 1, 4 Reductions in LV strain reported after endurance exercise may therefore predominate in the septal myocardium, reflecting bi-ventricular interactions, rather than a loss of contractility throughout the entire LV myocardium. 10 While it remains unclear whether exercise-induced functional cardiac perturbations constitute positive, negative, or neutral cardiac adaptations, a life-long history of regular strenuous exercise may be associated with an increased prevalence of atrial and RV arrhythmias. 11, 12 Indeed, morphological adaptations following chronic endurance exercise training are most profound in the atria and right ventricle, 13 and recent studies have also reported an increased prevalence of scar tissue in the right ventricle and septum of endurance-trained animal 14, 15 and human 1 hearts. Despite this, it remains unclear whether attenuated ventricular strain reported following acute endurance exercise is ubiquitous throughout the myocardium or unique to segments of the left and right ventricles associated with adverse remodelling. Accordingly, this study comprehensively assessed segmental ventricular strain at rest and during a standardized exercise challenge to compare the augmentation of strain before and after a bout of strenuous endurance exercise. It was hypothesised that exercise-induced perturbations in strain, and the augmentation of strain, would be most evident in the right ventricle, with LV changes unique to sites of RV attachment.
Methods Subjects
Twenty-three recreationally active men (18 -44 years) participated in the study. Participants were considered recreationally active if they attained a peak oxygen uptake .50 mL . kg 21 . min 21 and were currently training .5 h . week 21 . Pre-participation health screening 16 ensured subjects were apparently healthy non-smokers, had no history of cardiopulmonary, metabolic, or neuromuscular disorders, and were not taking any medications. Experimental procedures were approved by the Institutional Human Research Ethics Committee in accordance with the Declaration of Helsinki and all subjects provided written and witnessed informed consent.
Study design
All subjects visited the laboratory on two occasions after abstaining from exercise for a minimum of 48 h. During the first visit, subjects underwent pre-participation health screening and performed an incremental cycling test for the determination of the gas exchange threshold (GET) and peak exercise values (oxygen uptake and heart rate). On a subsequent visit, subjects attended the laboratory to complete a 90-min high-intensity cycling trial. Electrocardiograph and echocardiograph measurements were performed at rest and during a standardized low-intensity exercise challenge before and after the exercise intervention ( Figure 1 ).
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Incremental exercise test
Incremental exercise tests were performed on an upright, electronically braked cycle ergometer (Excalibur Sport, Lode BV, Groningen, Netherlands) and comprised 6 min of warm-up at 80 W, before the workload was increased by 15 W every 30 s until the subject reached volitional fatigue. Peak heart rate and oxygen uptake, measured via 12-lead ECG and indirect calorimetry (Ultima CardiO 2 , MGC Diagnostics, St Paul, MN), were calculated as the average of the highest two consecutive 30-s bin-averaged values attained during the test. The GET was determined using the modified V-slope method.
High-intensity endurance exercise trial
The cycling trial comprised 90 min of cycling performed at a power output equal to 110% of that attained at each individual's GET on the same ergometer used for the incremental exercise test. Heart rate and blood pressure were measured at 10-min intervals throughout the cycling trials while oxygen uptake was measured every 30 min.
Rest and exercise echocardiography
All two-dimensional echocardiography (GE Vivid E9 and Imaging System, GE Healthcare, Canada) was performed by the same cardiac sonographer in accordance with the American Society of Echocardiography and European Association of Cardiovascular Imaging guidelines. 17 A minimum of three cardiac cycles were captured, and all echocardiograph data were analysed offline on a commercially available workstation (EchoPac, version 11, GE Healthcare, Canada) by a single cardiologist (A.Y.) with specialist training in speckle-tracking analysis, and reproducibility data reported previously. 18 All echocardiograph images were acquired with the subject semisupine (308) and oriented in a partial left decubitus position (308) on a recumbent cycle ergometer (E-Bike EL, GE Healthcare, Canada). Resting images were acquired after the subject was placed in the above position for a minimum of 10 min. The standardized low-intensity exercise challenge consisted of semi-recumbent cycling at individualized power outputs to achieve a target heart rate of 100 bpm when cycling at a cadence of 60 rev min 21 . A target heart rate of 100 bpm was selected to stimulate vagal withdrawal while still permitting optimum frame rate requirements for speckle-tracking analysis. The power output for each individual was established during the initial standardized low-intensity exercise challenge at baseline and held constant thereafter. Exercise-echocardiograph images were acquired after at least 3 min of cycling to ensure subjects had reached a steady-state heart rate. The standardized low-intensity exercise challenge served to control for any changes in blood pressure that typically manifests during acute recovery from exercise (i.e. post-exercise hypotension) and thus normalized the loading conditions on the heart for comparisons throughout exercise and during recovery. Furthermore, the rest to exercise change in cardiac functional parameters (i.e. the difference between values attained during rest and the standardized exercise challenge) allowed Figure 1 Schematic of the study design. During Visit 2, experimental procedures were performed before (Pre) and after (Post) 90 min of high-intensity cycling. Note that echocardiography was performed during passive rest and during a standardized lowintensity recumbent exercise challenge.
for comparisons of ventricular functional augmentation before and after the 90-min cycling trial. 3 All two-dimensional images were acquired from standard parasternal and apical windows at frame rates of 50 -80 frames . s 21 . All system settings were adjusted to ensure optimal signal-to-noise ratio and endocardial delineation, and system settings were held constant throughout the experimental testing sessions for each individual. Parasternal short-axis images were acquired at the level of the mitral valves (basal image), the papillary muscles, and a series of sequential acquisitions commencing below the papillary muscles until a level slightly above complete cavity obliteration where a circular chamber was still present at end-systole and was subsequently used to standardize the level of the apical image. In a manner similar to that described by Weiner et al., 19 the apical image was chosen as the imaging plane where the ratio of end-diastolic LV cavity diameter to total LV diameter approximated 0.5. Left ventricular end-diastolic volume (EDV) and end-systolic volume (ESV) were determined using the Simpson biplane method, and ejection fraction quantified as the per cent change between LV EDV and ESV volumes. Stroke volume was calculated as the product of LV outflow tract cross-sectional area and pulsed-wave Doppler-derived blood velocity -time integral, measured immediately proximal to the aortic valve during systole, and cardiac output (CO) calculated. Systemic vascular resistance was estimated from mean arterial blood pressure divided by CO. Peak early (E) and late (A) LV filling velocities were assessed from apical long-axis views at the level of the mitral valve leaflets. LV wall motion velocity was assessed during early filling (E ′ ) from apical four-chamber views at the level of the mitral valve annulus, with values averaged for the septal and lateral walls, and E to E ′ ratio was derived. Systolic and diastolic LV eccentricity index was calculated at the level of the papillary muscles and used as an index of RV pressure and volume changes. 20 RV end-diastolic and end-systolic areas were traced on the apical four-chamber image (focused on the RV), and the fractional area change (FAC) was derived. RV systolic excursion velocity (S ′ ) was calculated using pulsed-wave Doppler, and tricuspid annular plane systolic excursion (TAPSE) was measured by placing an M-mode cursor through the tricuspid annulus and measuring peak systolic motion. 17 RV systolic pressure was estimated in subjects who presented with an observable tricuspid regurgitation.
17 Figure 2 Representative images of the left and right ventricles analysed for segmental longitudinal strain at rest and during a standardized exercise challenge. The exercise challenge consisted of semi-recumbent cycling at a target heart rate of 100 bpm when cycling at a cadence of 60 rev min 21 . AVC, aortic valve closure. Ventricular strain was analysed using semi-automated speckletracking techniques 21, 22 for three parasternal short-axis (basal, mid apical) and three apical (four-chamber, two-chamber, and long-axis) images. LV global longitudinal strain (GLS) was determined by averaging longitudinal strain for apical four-chamber, two-chamber, and long-axis images. RV GLS was determined by averaging strain for the RV free wall from an apical four-chamber image focused on the right ventricle. 17 Segmental LV longitudinal and circumferential strain were determined by dividing each of the apical and parasternal images into six segments, and RV segmental strain was determined by dividing the RV free wall into three segments ( Figure 2) . 22 Segments were subsequently averaged according to myocardial regions (i.e. RV free wall, and LV septal, anterior septal, inferior, anterior, posterior, and lateral walls) or according to myocardial level (i.e. basal, mid and apical).
Statistical analyses
Normality of the data was determined using the Shapiro-Wilk test, and all significance testing was performed using SPSS software (v21.0, SPSS Inc., Chicago, IL, USA). Two-way analyses of variance with repeated measures were performed to determine any differences in echocardiograph parameters across condition (rest and during the standardized exercise challenge) and over time (pre-and post-endurance exercise). Where significant main effects were observed, pairwise comparisons using Bonferroni adjustments were used to further examine differences between time periods (before and after exercise). Bivariate Pearson correlations were used to examine the relationship between changes in LV and RV strain parameters (pre-to post-endurance exercise).
Significance was accepted at P , 0.05. All data are mean + standard error of the mean (SEM) unless stated otherwise.
Results
Subject characteristics
Twenty-three recreationally active men (age: 28 + 2 years; height: 1.83 + 0.07 m; weight: 76.9 + 2.8 kg) completed the study. Subject characteristics, incremental exercise test results, and baseline echocardiographic data are presented in Table 1 . There were no abnormal ECG findings before or after the cycling trial.
High-intensity endurance exercise trial
Power output during the cycling trial was 273 + 24 W. Oxygen uptake (3.3 + 0.2 L . min 21 ) and heart rate (163 + 3 bpm) during the cycling trial equated to 70 and 87%, respectively, of the maximum. Average systolic and diastolic blood pressure during the cycling trial was 160 + 3 and 57 + 3 mmHg, respectively.
Echocardiography during rest
Mean resting arterial blood pressure decreased after the 90-min cycling trial (92 + 1 vs. 83 + 2 mmHg, P , 0.01), while heart rate increased ( following the cycling trial, compared with baseline ( Figure 3) . Segmental longitudinal strain decreased by 4% in the RV free wall, 4% in the septum, and 3% in the anterior septum, but did not change in the lateral and posterior segments ( Table 3) . Similarly, circumferential strain decreased by 6% in the septum but did not change in the lateral and posterior segments ( Table 3) . Changes in LV GLS correlated with changes in septal and anterior septal longitudinal strain ( Table 5) . When strain was averaged across myocardial levels (i.e. base, mid, and apex), only apical circumferential strain was reduced after the cycling trial ( Table 4) .
Echocardiography during a standardized exercise challenge
Mean arterial blood pressure during the standardized exercise challenge was not different from before to after the 90-min cycling trial (97 + 1 vs. 96 + 1 mmHg), while heart rate increased ( Table 2) . Global LV and RV longitudinal strain decreased following the cycling trial (Figure 3) , when assessed during the standardized exercise challenge. Segmental longitudinal strain decreased by 17% in the RV free wall, 12% in the septum, and 9% in the anterior septum, but did not change in the lateral and posterior segments ( Table 3) . Changes in LV GLS correlated with changes in septal, anterior, and anterior septal longitudinal strain ( Table 5 ).
The augmentation of longitudinal strain (i.e. change from rest to during the exercise challenge) was completely abolished in the RV free wall and decreased in the septum following the 90-min cycling trial, but did not change in the lateral and posterior segments of the left ventricle ( Table 3) . A schematic representation of segmentspecific decrements in augmentation is presented in Figure 4 . When strain was averaged across myocardial levels, augmentation of RV longitudinal strain was reduced at all levels, while augmentation of LV longitudinal and circumferential strain was reduced at the apical level only ( Table 4) .
Discussion
This study highlights that decrements in LV and RV strain following endurance exercise are segment specific, with the most pronounced perturbations evident in the RV free wall and LV septum. Specifically, this study identified that the capacity of the RV to augment deformation (i.e. the change in strain from rest to a controlled exercise/metabolic load) was completely abolished following highintensity cycling, while a reduced LV augmentation was only evident in the septum, with lateral and posterior walls unaffected. The results suggest that an increase in RV wall stress during endurance exercise induces a transient loss of contractile reserve in the RV free wall, while decrements in LV function are unique to sites of RV attachment.
Global reductions in LV and RV function following endurance exercise, particularly when assessed during a pharmacological or exercise-induced increase in myocardial workload, have been widely reported. 5, 6, 23 Decrements in LV contractile reserve following endurance exercise have been suggested to reflect b-receptor desensitization, concomitant to sustained increases in sympathetic drive throughout exercise. 5 The current study supports global decrements in cardiac function following endurance exercise but, importantly, extends on previous work and identifies ventricle and segment-specific decrements in strain that suggests a non-uniform myocardial stress during exercise. Given that exercise induces a disproportionate volume and pressure load on the right ventricle, 7 the metabolic and adrenergic stimuli directed to the myocardium, in addition to the post-exercise inflammatory response, may be more pronounced in the right ventricle. Furthermore, strenuous exercise is known to transiently alter cell membrane permeability 24 and autonomic responsiveness, 25 and consequently impair myocardial Figure 3 Left and right ventricular GLS assessed at rest and during a standardized exercise challenge before (Pre) and after (Post) a 90-min high-intensity exercise intervention. *Significantly different to Pre (P , 0.05).
contractility. 5 The gradient of functional perturbations we observed across the LV myocardium highlights segment-specific myocardial stress induced by endurance exercise, rather than an ubiquitous decrement in myocardial function in response to an adrenergic overload. in RV strain that translates across to RV attachment sites in the left ventricle (i.e. the septum). While post-exercise reductions in RV strain did not correlate with changes in septal strain, individuals with greater reductions in LV GLS had greater reductions in septal and anterior septal strain. Impairments in RV and septal deformation following endurance exercise likely reflect excessive myocardial stress in these regions of the myocardium. Indeed, increased septal myocardial stress in pulmonary hypertension and hypertrophic cardiomyopathy is associated with structural remodelling and tissue dysfunction at the RV insertion points of the left ventricle. 8, 27 Thus, prolonged increases in RV pressure and volume during exercise may transiently increase RV compliance and induce a loss of contractility in the septal myocardium. 23 The heterogeneous strain response observed across myocardial levels (i.e. increased strain and greatest post-exercise decrements in strain in the apex) may be attributed to the unique myocardial architecture. Studies have demonstrated that the subepicardial myocardial fibres occupy a larger radius and volume at the apex, compared with subendocardial fibres at the base, and become progressively more longitudinal in orientation to form a double helical myocardial loop pattern. 28 Furthermore, Stöhr et al. 29 suggested that the left ventricles is less restricted at the apex, as it is not tethered to the right ventricle and could therefore be expected to generate a greater deformation than the base. The complex morphological structure of the ventricles, which evokes a non-uniform contractile response through the myocardium, 28 may explain the predominance of septal perturbations with only modest changes in strain in the inferior and anterior walls (see Figure 4) . Increased RV wall stress during exercise may also translate into the septum and adjacent regions of the myocardium and is a potential explanation for the gradient of functional perturbations observed across the left ventricle.
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The RV insertion points are sites of maximal myocardial stress on the interventricular septum and are the most vulnerable region of the myocardium to develop fibrosis in numerous pathologies. 27 Interestingly, the sites of attenuated deformation following exercise are concomitant with regions of the myocardium that have been associated with fibrotic remodelling in animal and human hearts exposed to excessive amounts of endurance exercise. 11 -14 Benito et al.
14 identified increased collagen deposits and proarrhythmic RV remodelling in male Wistar rats following 16 weeks of intense endurance exercise training. Furthermore, a high prevalence of RV involvement has been documented in endurance athletes with ventricular arrhythmias, 31 while exercise-induced structural RV remodelling can mirror that of arrhythmogenic cardiomyopathy. 32 It is unlikely that an acute bout of exercise that induces transient cardiac perturbations would provoke adverse remodelling, but rather cumulative bouts of exercise that evoke this response, particularly when recovery duration is insufficient, may lead to structural changes in the myocardium. Indeed, the recovery time course of cardiac perturbations may exceed 24 h following just 90 min of exercise; 3,33 much longer than the recovery duration endurance athletes undertaking multiple training sessions per day are exposed to. Importantly, the modest reductions in strain observed in this study did not reach clinical levels indicative of myocardial damage. 17 While previous work has highlighted acute RV dilatation, secondary to volume/pressure overload, following ultra-endurance exercise lasting 4 -12 h, 1, 23 the change from rest to a low-intensity exercise challenge, of regional left (LV) and right (RV) ventricular longitudinal strain from before to after a 90-min high-intensity exercise intervention. White area represents regions of the myocardium that were not assessed.
index). Therefore, the reductions in strain observed in this study may provide a sensitive index of exercise-induced myocardial perturbations that precedes RV dilatation and more severe cardiac dysfunction. It remains unclear whether this phenomenon underpins a positive, negative, or neutral process for cardiac adaptation.
Methodological considerations
This study implemented a standardized exercise challenge to control cardiac loading and metabolic requirements across time and cycling trials. While arterial blood pressure was similar across all time points, estimates of pulmonary artery pressure were successfully obtained in only five subjects due to the low incidence of observed tricuspid regurgitation. In these participants, estimates of RV systolic pressure agree with previous work 34 and were similar before and after the exercise intervention, both at rest and during the standardized exercise challenge.
To minimize vagal influence on cardiac function during the study and optimize frame rate requirements for speckle-tracking echocardiography, a target heart rate of 100 bpm was selected during the standardized exercise challenge. Although 'cardiac drift' was observed after the cycling trial, the increase in heart rate was minimal (12 + 4 bpm). This may represent a compensation for a reduction in stroke volume to maintain cardiac output, which remained unchanged, during the standardized exercise challenge ( Table 2) .
Physiological and clinical perspectives
The link between acute exercise-induced myocardial perturbations and long-term consequences for cardiac health is not clear. The current results highlight that acute functional changes are unique to regions of the left and right ventricles where studies have identified an increased prevalence of scar tissue in endurance-trained animal and human hearts. 1, 14 There is of course insufficient evidence to suggest that even if exercise can induce fibrotic remodelling of the myocardium (in some individuals), such changes are associated with overall adverse health outcomes. While the prevalence of atrial and ventricular arrhythmias in older athletes appears to be higher relative to healthy, age-matched controls, 15, 35 their overall life expectancy remains similar or even enhanced, 36 and the notion that habitual exercise is the direct cause of increased arrhythmias in this population remains controversial. 37 Nonetheless, exercise practice should be safe for all and the work presented here and elsewhere ultimately serves to further our understanding of the doseresponse relationship between exercise and cardiovascular function and/or health.
Conclusion
This study highlights that decrements in ventricular function following acute endurance exercise are most profound in the right ventricle, with LV perturbations unique to sites of RV attachment. These results emphasize the need for additional studies to clarify the cardiovascular consequences of acute and chronic participation in high-intensity endurance exercise. Whether this phenomenon reflects a positive, negative, or neutral process with regards to cardiac adaptation is unclear.
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